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ABSTRACT
A superconducting solenoid electron spectrometer operated in the lens mode was adapted to search
for the b~ decay of 54Mn. The Compton electron and other instrumental backgrounds were largely
reduced by special shielding of the absorber system. An improved procedure was developed to select the
events by momenta. An upper limit of less than 3.9] 10~5 has been established for the intensity of the
b~ branch. This would deÐne the partial half-life of the 54Mn b~ decay to be greater than 2.2 ] 104 yr.
The implications of this result for the 54Mn cosmic-ray chronometry problem are discussed.
Subject headings : cosmic rays È nuclear reactions, nucleosynthesis, abundances
1. INTRODUCTION
Cosmic-ray isotope measurements are useful in a wide
range of scientiÐc applications that include studies of
nucleosynthesis, the chemical evolution of the Galaxy, the
propagation of cosmic rays in the interstellar medium, etc.
In addition, abundances of radioactive isotopes can be used
to determine the timescale of cosmic-ray acceleration and
transport. While ““ primary ÏÏ cosmic rays are considered to
be samples of matter from outside the solar system, in order
to understand their history, the study of the ““ secondary ÏÏ
cosmic rays produced by breakup of heavier nuclei in colli-
sion with interstellar material is also necessary. The iron
group, Mn, Co, and Ni, is of particular interest (Leske
1993).
The isotope 54Mn, together with 10Be, 26Al, and 36Cl, has
been proposed as a cosmic-ray clock In the(Casse 1973).
laboratory, 54Mn decays with a 312 day half-life via an
allowed electron capture transition to the 835 keV level in
54Cr, although it is energetically possible for 54Mn to decay
via second forbidden unique transitions to the ground
states of 54Cr and 54Fe by positron (b`) and electron (b~)
emission, as shown in As a high-energy cosmicFigure 1.
ray, 54Mn would be stripped of all its atomic electrons, its
decay by electron capture would be prevented, and long b`
and b~ half-lives would thus be expected. This could allow
54Mn to serve as a cosmic-ray chronometer, if the partial
half-lives could be measured. who Ðrst pro-Casse (1973),
posed 54Mn as a chronometer, estimated yrT1@2 D 2 ] 106and yr for the b~ and the b` decays, respec-T1@2 D 109tively. Later estimated that the b~ decay half-Wilson (1978)
life must be larger than 6 ] 104 yr but smaller than 107 yr.
Although the b~ decay intensity is expected to be D2
orders of magnitude larger than the b` decay, measurement
of the b~ decay has been considered difficult, partly because
in absolute terms it is weak and its endpoint energy of 697
keV falls below the spectrum produced by scattered conver-
sion electrons. The weaker, but easier to detect, b` branch
has been searched for, and experimental upper limits of less
than 4.4 ] 10~8 et al. and less than 5.7 ] 10~9(Sur 1989)
Cruz et al. have been established for the branching(da 1993)
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ratio. Assuming the same log ft values for the b~ and b`
decays and using the b` partial half-life, one can estimate
the partial half-life of the b~ decay. et al. con-Sur (1989)
cluded that it must be greater than 4] 104 yr. Later da
Cruz et al. set the current lower limit of greater than(1993)
2.95] 105 yr.
et al. examined the implications of theGrove (1991)
various estimates of the 54Mn b~ decay lifetime for the 54Fe
abundance in cosmic-ray source material as well as for
cosmic-ray propagation studies. They concluded that the
then current cosmic-ray data, in conjunction with the pro-
pagation model, could not establish the degree of 54Mn
decay. From the measurement of the relative elemental and
isotopic abundances of iron-group cosmic rays, assuming
Myr & Greiner for the meanqesc \ 10 (Wiedenbeck 1980)escape time, suggested thatLeske (1993) qesc [ 50Tb~.Recently, et al. have remeasured the iso-Westphal (1996)
topic abundances of cosmic-ray manganese. However,
because of the e†ects of charge-changing reactions within
their detector, no deÐnite conclusions could be reached
about the decay of 54Mn in the cosmic rays. More recently,
Vernois has remeasured the cosmic-ray Mn iso-Du (1996)
topic abundance distribution. By combining these data with
a value for the cosmic-ray escape time derived from mea-
surement of 10Be, 26Al, and 36Cl, Du Vernois has concluded
that the 54Mn b~ decay partial half-life should lie in the
range of (1È2) ] 106 yr.
In this paper we present the results of an attempt to
observe the b~ decay directly using a magnetic electron
spectrometer. This momentum-selective instrument, in
combination with multiparameter data collection and
sophisticated data analysis technique, results in an upper
limit, independent of log ft assumptions.
2. b~ MEASUREMENTS
2.1. Experimental Considerations
The absence of suitable radiation in 54Fe coincident with
the 54Mn b~ decay requires the direct measurement of the
b~ energy spectrum. Since the b~ branch is expected to be
very weak, any physical process producing a continuum
even at low levels could interfere with the measurements.
Furthermore, if the b-ray detector is even weakly sensitive
to radiation such as c-rays, the achievable sensitivity could
be limited because the c-ray Ñux is very high compared to
the electron Ñux. The main features of processes which
could hamper the measurements are summarized in Table
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FIG. 1.ÈSchematic decay scheme for 54Mn
They include the following :1.
1. Electrons that deposit part of their energy in the detec-
tor. The discrete conversion electron lines from the 835 keV
transition in 54Cr have an intensity D100 times larger than
the expected b~ decay. While the conversion peaks will be
well resolved from the b~ spectrum, some of the conversion
electrons will deposit only part of their energy in the Si(Li)
detector, producing a continuum up to the primary energy.
The probability for this process (backscattering) is depen-
dent on factors such as angle of incidence but in general is
D20% Horowitz, & Mack(Kalef-Ezra, 1982).
2. Electrons that scatter within the source or on the
internal surfaces of the spectrometer before reaching the
detector.
3. ““ Shake-o† ÏÏ electrons, caused by the sudden change in
the electrostatic Ðeld of the nucleus when an electron is
emitted because of internal conversion or elec-(Rao 1975)
tron capture resulting in di†erent spec-(Freedman 1974)
trum shapes. The probability per K capture for double
K-shell ionization in the electron capture of 54Mn has been
measured at 3.6(3)] 10~4 & Schupp which is(Nagy 1984),
D100 times larger than the expected b~ decay intensity but
is concentrated at low energy, so that the intensity at 90%
of the maximum energy of 542 keV has dropped by a factor
of D106. The intensity of the shake-o† electrons following
internal conversion is D4 orders of magnitude weaker than
the electron conversion itself (Rao 1975).
4. Electrons produced by Compton scattering of the 835
keV c-rays, which can produce counts up to an energy of
639 keV. While the total cross section depends on the
Z-value of the scatterer, the shape of the energy spectrum
will be determined by the scattering geometry.
5. Continuum electrons from other beta emitters, which
might be present as weak contaminants in terms of absolute
activity but whose b~ branches might be relatively strong.
6. Direct interactions between the detector and c-
photons (primary or scattered), which produce signals up to
835 keV. (While the detector is well shielded, the intensity of
the 835 keV c-rays is 105 times greater than the expected b~
branch.)
7. Interactions of c-rays from laboratory background
with various parts of the spectrometer.
Auger electrons following the 54Mn electron capture fall
below our detection cuto† of 25 keV. b` particles from the
decay of 54Mn are weak, and although they will have a
maximum energy of 355 keV, they are discriminated against
by the transport properties of the spectrometer, as discussed
later.
2.2. Source Preparation
Radioactive 54Mn material dissolved in HCl was pur-
chased from the New England Nuclear Company and kept
in storage for D1 yr to allow short-lived activity to decay.
Further chemical puriÐcation was applied to reduce 65Zn,
TABLE 1
RADIATIONS IN THE b~ MEASUREMENTS AND THE METHODS USED TO SUPPRESS THEM54Mn
COUNTS FOR 8.7] 1010
DECAYSa
INTENSITY
RADIATION ENERGY (keV) (per 54Mn decay) SUPPRESSION Total 300È450 keV
54Mn b~ . . . . . . . . . . . . . . . . . . . . . . . . . ¹697 3.9] 10~5 2824 1005
Conversion electrons
835 K . . . . . . . . . . . . . . . . . . . . . . . . . 828.8 2.24] 10~4 32200 0
835 L . . . . . . . . . . . . . . . . . . . . . . . . . . 834.1 2.08] 10~5 2900 0
Backscattered . . . . . . . . . . . . . . . . Up to 834.1 \4 ] 10~5 Momentum selectionb \5300 0
Shake-o† electrons
EC decay . . . . . . . . . . . . . . . . . . . . . ¹542 3.6] 10~4 Mainly low energy (\100 keV) \4400 \12
Internal conversion . . . . . . . . . . ¹828.8 \2 ] 10~8 \8 \2
Compton electrons . . . . . . . . . . . . . ¹639.4 c Low-Z, low-mass materialsd momentum selectionb \2500 \120
Contaminants
60Co . . . . . . . . . . . . . . . . . . . . . . . . . . . ¹317.9 \410~5 Chemical puriÐcation \2000 \2
54Mn c-rays
Direct . . . . . . . . . . . . . . . . . . . . . . . . . 834.8 0.99974 Axial ba†lese \20 0
Scattered . . . . . . . . . . . . . . . . . . . . . . ¹834.8 2.2] 10~6 Large source-to-detector distancef \210000 \43g
Room background c-rays . . . . . . \8 ] 10~7 Momentum selectionb \80000 \21g
NOTE.ÈCounts are given for the experiment using the 12.7 kCi source.
a Lens efficiency valid for b-particles emitted from the center only. Count rates given in the 300È450 keV region are after sorting and unfolding the data.
b [E, C] events outside the ““ acceptable region ÏÏ were rejected.
c An estimate of the intensity would involve the calculation of Compton scattering and electron transport simultaneously.
d Spectrometer parts situated close to trajectories have been coated with TeÑon.
e The two axial baffles with 11 cm thickness of lead suppress the 835 keV c-rays by a factor of D2.5] 104.
f The Si(Li) detector at 35 cm from the source substances a solid angle of 1.3] 10~4/4n only.
g Using the two-dimensional background constructed over the [E, C] plane removes more than 95% of the c-background from the region of the
acceptable events.
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60Co, and 22Na contamination using a procedure described
by et al. Several drops of the liquid were thenSur (1989).
deposited on a 600 kg cm~2 Mylar foil mounted on an
aluminum frame (19 ] 19 mm in area and 0.5 mm thick,
with a 12.7 mm diameter central hole). The activity of this
source was 4.8 kCi. Subsequent evaluation of the measure-
ments revealed that Compton scattering within the source
material was signiÐcant, some of which was attributed to
residues from the chemical puriÐcation. Compton scat-
tering from the source frame was also found to be a
problem.
A stronger source (12.7 kCi) was prepared directly from a
batch of 54Mn material without any additional chemical
puriÐcation. (The only detectable radioactive contami-
nation was 60Co at a level of 3.9] 10~5 of the 54Mn activ-
ity.) Compton scattering from the target frame was reduced
by changing to a 0.2 mm thick rectangular Mylar frame, 29
mm long and 19 mm wide, the largest area that could be
accommodated with the existing target system. The central
hole was expanded to a 22] 15 mm rectangle to minimize
the material close to the 54Mn activity. This source arrange-
ment was used in the Ðnal measurements.
2.3. L ens Spectrometer Description and ModiÐcation
Electrons were transported in the magnetic Ðeld of the
superconducting solenoid described by Dracoulis,Kibe di,
& Byrne which was operated in lens mode. That(1990),
arrangement uses the baffle system, shown in con-Figure 2,
sisting of two axial absorbers, a diaphragm, and a spirally
cut paddle wheel baffle so that b-particles that reach the
detector are forced to traverse two orbits (loops). The
maximum detection efficiency is D1.5%.
The current to the solenoid is produced by a computer-
controlled power supply. For any chosen current, the mag-
netic Ðeld will have a Ðxed value, and thus the accepted
electron momenta will cover a narrow range. To cover a
broader range, the Ðeld was swept between 80 and 1530 G,
allowing collection of electrons with energies between D25
keV and D1 MeV. Sweeping reduces the detection effi-
ciency, depending on energy, to 0.1%È0.5%.
The direction of the Ðeld was chosen so that the paddle
wheel baffle intercepted positrons and not electrons, which
spiral in opposite directions. The efficiency of the discrimi-
nation was tested directly by reversing the Ðeld to select
positrons and then observing the reduction in the number
of conversion electrons. (For the 662 keV conversion elec-
trons in 137Cs, for example, a suppression factor of
2.6] 103 was observed.)
Electrons were detected with a 200 mm2 area and 3 mm
thick, cooled, Si(Li) diode, located on-axis, 35 cm from the
source. The energy resolution measured for the 835 keV K
conversion electron line was D2.4 keV. Gamma rays were
recorded in a Compton-suppressed Ge detector, located
perpendicular to the solenoid axis, D25 cm from the source.
In some cases c-rays in coincidence with electrons were
recorded with a second Ge detector inserted into the sole-
noid tube, opposite the lens and D3 cm from the source.
Initial measurements were performed using the solenoid
in the form described by et al. A relativelyKibe di (1990).
intense continuum was observed, equivalent to a b~ branch
of D5 ] 10~4, but evaluation of the shape of the spectrum
and other experimental tests traced the source of these elec-
trons to Compton scattering by 835 keV c-rays. From tra-
jectory calculations, a number of surfaces were identiÐed
that could contribute to the background of multiple elec-
tron scattering and Compton scattering of c-rays. To
improve the system, the internal surfaces were coated with
low-Z material (TeÑon), and the geometric design of the
axial absorbers and their supports were changed to mini-
mize the amount of material exposed to c-rays and electrons
and the possibility of scattering into the acceptance of the
spectrometer.
The measurements were performed in the target area of
the Australian National University 14UD accelerator
during beam-o† periods. The local room background pro-
duced a count rate of less than 0.5 counts minute~1 in the
Si(Li) detector, most of which could be Ðltered out using the
analysis techniques described below.
While details of the modiÐcations will be described in a
separate paper et al. some important aspects(Kibe di 1997),
of the data analysis techniques that resulted in an increased
sensitivity will be presented.
2.4. Data Collection
The data were recorded in event-by-event mode, and the
digitized pulse information included (1) electron energy, (2)
singles c-ray energy, (3) coincidence c-ray energy, (4) magnet
power supply control signal, (5) magnetic Ðeld measured
FIG. 2.ÈCross section of the lens spectrometer after modiÐcation
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with a Hall probe, and (6) coincidence electron-c time di†er-
ence. While the energy and timing signals were recorded
with a 4096 channel conversion range, the magnetic ÐeldÈ
related quantities were measured with a 2048 channel con-
version range. Since the coincidence c-ray detector was
close to the source, it was found to be an unnecessary source
of Compton scattering and was removed for the Ðnal mea-
surement. Sources of 152Eu and 137Cs were used to cali-
brate the electron and c-ray spectrometers for energy and
efficiency. Calibration of the magnetic Ðeld and its relation-
ship to the Hall probe readings and magnet current settings
has been determined in previous measurements using a
three-axis Gauss meter at several points on the solenoid
axis.
2.5. Momentum Selection
An important advantage of the lens spectrometer is that,
at a given magnetic Ðeld, only a part of the b-spectrum is
transported onto the Si(Li) detector. This is governed by the
momentum resolution, *p/p, which is a geometrical pro-
perty of this type of spectrometer Formu-(Siegbahn 1966).
lae relating the magnetic Ðeld to the measured electron
energy are given by et al. and some aspectsKibe di (1990),
are repeated brieÑy here. The momentum selection we have
used previously involves comparison of the magnetic Ðeld
with the measured energy and selection of those events that
satisfy the expected functional relationship and are within
the acceptable response of the spectrometer, which is deter-
mined by its momentum resolution. The relation between
the transported b-ray energy (E) and the magnetic Ðeld (B)
can be deÐned over the [E, B] plane as et al.(Kibe di 1990) :
B\ C(r, h. . .) ] kJE2] 2m0 c2E
m0 c2
, (1)
where C is a coefficient that contains, in e†ect, the response
function of the spectrometer as deÐned predominantly by
the baffle geometry but also by factors such as source posi-
tion and emittance. The factor k is constant, and is them0 c2electron rest mass. Constant upper and lower bounds can
be speciÐed for C, thus deÐning an area between two loci of
Ðeld against energy, within which acceptable electron
events, that is those which follow a principal trajectory
through the spectrometer and also deposit their full energy
in the detector, must fall. (See Fig. 3 and 4 of et al.Kibe di
1990.)
In contrast, events caused by c-rays in the Si(Li) detector
are independent of Ðeld and therefore will be distributed
uniformly along the magnetic Ðeld axis, while the events
caused by electrons that scatter from the detector will fall
parallel with the energy axis in the [E, B] plane. In practical
terms momentum selection is a procedure where the event-
by-event data are tested against a two-dimensional [E, B]
gate.
Further insight can be gained by considering a simple
approximation to the transport of b-rays along helical
orbits of path radius (curvature), r, and angle of emission h
with respect to the solenoid axis. The value of C is approx-
imately
C\ 1
r
] sin h . (2)
Because of the geometric acceptance of the spectrometer, r
and h are correlated, and their extremes deÐne a range of
values from C\ 0.25 to 0.33. While the response function is
essentially independent of energy, its centroid and possibly
its width may di†er for radiation produced at the center or
other part of the source, or from other parts of the spectro-
meter. This dependence, which contains implicit in it a
further correlation between the value of C and whether the
trajectory is near the inner or outer envelope of principal
trajectories, can be tested both experimentally and numeri-
cally. This was the basis of selection procedures more
sophisticated than the coarse momentum selection men-
tioned above. This is illustrated schematically in Figure 3a.
The response functions for three di†erent energy gates are
also shown in These spectra, plotted inFigure 3bÈ3d.
logarithmic scale, illustrate the selectivity of the spectro-
meter for b-rays in terms of C. The spectrum gated by 344 K
FIG. 3.ÈMapping of energy vs. C-parameter events. (a) Distribution of correlated events (acceptable region of electrons) and uncorrelated events (c-rays
and backscattered electrons). The curves and indicate the upper and lower bounds of the magnetic Ðeld. (b) Projection of C-values with a 288È298Bmax BminkeV gate encompassing the 344 K conversion electron line in the 152Eu source measurement. (c) Projection of C-values using the same gate in the 54Mn
measurement. (d) Projection of C-values gated by the 835 keV conversion electrons in the 54Mn measurement. Note that no background has been subtracted.
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conversion electrons in the 152Eu decay shows all(Fig. 3b)
the features of the momentum selection mentioned before.
More than 93% of the events fall in the acceptable region of
C-values produced by conversion electrons and b-rays. The
majority of the others have higher C-values. They can be
associated with backscattering of higher energy (E[ 294
keV, the energy of 344 K conversion line) electrons. The
contribution of the c-background, which will be indepen-
dent of C, is rather weak. A projection of the 54Mn data
using the same gate on the electron energy is shown in
It contains only a few counts in the acceptableFigure 3c.
region. The events distributed uniformly over the C-axis
form the dominant feature, which is more evident in this
case because the number of radioactive decays in the 54Mn
measurement was D20 times of that in the 152Eu case, the
contribution of Compton scattered c-rays thus being higher
in the 54Mn spectra. The bump at CD 0.5È0.6 is the contri-
bution of the backscattering of the 835 keV conversion elec-
trons. Finally, shows the spectrum gated byFigure 3d
conversion electrons of the 835 keV transition in 54Cr. Since
more than 98% of the counts falls into the acceptable
region, this spectrum was used to determine the spectro-
meter response function.
3. EXPERIMENTAL RESULTS
3.1. Experiments
Several tests were carried out, each of duration of 1È3
days, under di†erent conditions, in order to determine pos-
sible sources of spectral distortion (see details in Kerr 1994).
These included the following :
1. Lateral displacement of the source perpendicular to
the solenoid axis to establish the relation between the geo-
metrical origin and the centroid of C. Projections on to the
C-axis with di†erent source positions are compared in
Figure 4a.
2. Reduction of the magnetic Ðeld in the Ðrst half of the
baffle system as a means of decoupling the two longitudinal
halves of the spectrometer. Projections on to the C-axis are
compared with a measurement using the nominal Ðeld in
The complete lack of Ðeld-dependent eventsFigure 4b.
demonstrates the sensitivity to the geometrical origin. (Note
that the distribution of the c-ray events depends on the
C-parameter owing to the nonlinear boundaries of the C-E
correlation illustrated in Fig. 3a.)
3. Measurements with reversed magnet current to deter-
mine the suppression of positrons.
4. Measurement of electron-c coincidences as a probe of
whether Compton-scattered c-rays were correlated with
detected electrons. The absence of a discrete peak in the
summed energy of coincidence electrons and c-rays indi-
cated that such contributions were not signiÐcant. (Note
that the c-ray Ñux is much larger than the electron Ñux from
the source.)
5. ModiÐcations to the size and composition of the
target frame and source support to evaluate the contribu-
tion from scattering in the immediate vicinity of the source.
6. Measurements with di†erent sources and with 54Mn
sources of di†erent strength and preparation.
7. Measurements without a radioactive source to deter-
mine the contribution of room background radiations.
The sources themselves were examined to check the dis-
tribution of the radioactive material by scanning the c-ray
activity using a narrow lead collimator and a Ge detector.
FIG. 4.ÈCorrelation between transport properties and geometrical
origin for b~ rays. (a) C-projection gated by 835 keV conversion electrons
measured with source on-axis and o†-axis positions. (b) The e†ect of the
reduction of magnetic Ðeld in the Ðrst half of the baffle system. The spec-
trum of C-values, recorded with target coils o†, shows no correlated events
in the projection of 25È700 keV energy range, where the 54Mn b~ rays are
expected.
Although the physical modiÐcations to the spectrometer
itself resulted in the reduction of radiation scattering, the
majority of residual events that were limiting the sensitivity
were attributed to scattering of electrons produced initially
by Compton scattering of primary c-rays on the target
frame and within material of the radioactive source itself.
3.2. Data Evaluation and Analysis
The event-by-event data were sorted into [E, C] matrices.
Using various gates on one axis, projections were made
onto the other axis, which allowed for the examination of
di†erent aspects of the correlation between energy and C.
Representative spectra are shown in which com-Figure 5,
pares projections on to the C-axis, under the conditions of
the measurements after modiÐcation of the baffle system
but before changes to the source and its support (top), with
conditions as in the Ðnal measurements (bottom).
The magnitude of the improvements and the information
implicit in the evaluation in terms of the response function
C is encapsulated in the comparison between the top and
bottom frames. The data represent a projection of all events
over the 25 keVÈ1 MeV region, while the shaded area is the
projection with a gate on the conversion electrons of the
835 keV transition. In the top spectrum, most of the inten-
sity is contributed by events other than those from the con-
version, and those events are displaced predominantly to
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FIG. 5.ÈDistribution of events along the C-axis. The top panel shows
the experimental spectrum recorded with the 4.8 kCi source with a b~
component Ðt superimposed. The shaded area is a projection gated by
conversion electrons. The Gaussian marked as B corresponds to the
““ acceptable ÏÏ region and side lobes (A and C) can be attributed to electrons
produced by instrumental distortions. The bottom panel shows the results
of the experiment with the 12.7 kCi source.
lower values of C than the conversion electrons. The Ðt to
the total projection incorporates three Gaussians, the
dashed one (labeled B and centered on the correct position),
as deÐned by the projection of the conversion events, the
other two (A and C) on either side.
The comparison of the data and components in the top
and the bottom frame of shows the reduction ofFigure 5
counts, which arise from unacceptable parts of the spec-
trum. Most importantly, the distribution of events sensitive
to the magnetic Ðeld is Ðnally dominated by the conversion
electrons. A further decomposition of these events in terms
of residual contributions, labeled as Gaussian A and C, will
be pursued below.
3.3. Computer Simulations
The bottom frame of shows the results of MonteFigure 6
Carlo computer simulations using models of the instrument
and its transport properties. These are not expected to give
an accurate representation but should be indicative of the
main features.
The calculated detection probability for the conversion
lines from the source emitted under the same conditions is
shown as the shaded area in the bottom frame. (That the
asymmetric shape does not reproduce experimental results
has been attributed previously to limitations in the model of
et al.Kibe di 1990.)
FIG. 6.ÈDetection efficiency as a function of C for di†erent source
positions. The top panel shows experimental data obtained for the 152Eu
344 K conversion electrons with a source in place and moved 8.8 mm away
from the axis. The bottom panel shows the results of computer simulations,
assuming the source on the axis and the distributed uniformly over the
aluminum target frame of 19 ] 19 mm square with a 12.7 mm diameter
hole. In the later case, the average emission radius would be 8.91 mm.
The curve in labeled as ““ frame,ÏÏ was producedFigure 6,
by considering the target frame as an electron source. For
simplicity, it was assumed that electrons are emitted uni-
formly from the surface of the original aluminum frame (a
19 ] 19 mm square with a 12.7 mm diameter central hole
on it). The average emission radius for these electrons
would be 8.91 mm. The results are in terms of absolute
efficiency (based on a Monte Carlo sample of more than
50,000 particles).
The results are compared with experimental data
obtained with a 152Eu radioactive source in the top panel of
While inserting the source on the axis produced aFigure 6.
nearly Gaussian distribution (shaded area), a measurement
with an 8.8 mm o†-axis position resulted in a distribution
almost identical to the curve labeled as ““ frame ÏÏ in the
bottom panel. This correlation was the basis of unfolding
events in terms of geometrical origin, which will be
described later.
3.4. Scattered Intensity
As noted above, the intensity residing in the sidelobes in
the original measurements was comparable to that of the
conversion electrons. Since the detection efficiency of the
spectrometer for events that originate from a displaced
source is D6 times smaller than for those that originate at
the central source position (see and if those electronsFig. 6),
are produced initially by the scattering of c-rays, the prob-
ability of Compton scattering on the frame must be D0.1%
for every 835 keV c-ray emitted in the decay of 54Mn.
Because of the scattering geometry involved, most of the
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electrons would be ejected in the plane of the frame, which
is perpendicular to the axis of the baffle system and the
coincidence c-ray detector. This would explain the very few
electron-c coincidences observed in the test measurements
mentioned earlier.
These characteristics of the Compton scattering for the
given geometrical conditions were supported by Monte
Carlo simulations of the process and conÐrmed experimen-
tally when the frame was replaced, which resulted in a large
reduction in the lobes.
3.5. Gamma-Ray Background and Backscattering Tail
The Ñat background indicated in is indicative ofFigure 5
events uncorrelated with C, presumably c-rays. These
events have a source-independent (laboratory background
c-rays) and a source-dependent component (Compton scat-
tered photons from the 835 keV c-rays in the 54Mn decay).
In the case of the Ðnal measurements with the 12.7 kCi
source, 72% of the c-ray background is source dependent
(as conÐrmed by a number of measurements without
sources in place and measurements without a magnetic Ðeld
applied). The energy spectrum from such direct interactions
of c-photons in the Si(Li) detector decreases nearly expo-
nentially with increasing energy.
Beta particles transported to the Si(Li) detector surface
and then backscattered will deposit only a fraction of their
initial energy. These particles will produce a nearly uniform
distribution up to the incident energy et al.(Kalef-Ezra
The corresponding events will appear in a banana-1982).
shaped region in the [E, C] plane, which is parallel with the
curve labeled in The resulting contribution toBmax Figure 3.the total C-projection is seen as a step at higher C-values, in
Figure 5.
3.6. Improved Momentum Selection
Although not evident from visual inspection alone,
detailed analysis showed that signiÐcant intensity still
resided outside the expected distribution, probably from
residual Compton scattering of c-rays in the target frame
and the Ðrst half of the baffle system. In that context, it
should be noted that the spectra in are dominatedFigure 5
by the most intense single feature, the conversion lines, since
no discrimination is made against energy in those cases.
In order to generate the energy spectrum of electron
events (the ones that fall into the ““ acceptable region ÏÏ in
the following procedure has been used. First theFig. 3),
spectrometer response function was determined from the
projection of 835 keV conversion electrons. As illustrated in
a Gaussian centered at C\ 0.2885 with a widthFigure 7a,
of *C\ 0.0279 and a small exponential tail on the right-
hand side (tail width *C\ 0.0048, D2.2% of the peak
amplitude) resulted in very good agreement with experi-
mental results, with a s2 of 1.94. Then the projection onto
the C-axis gated by 50È790 keV energy was Ðtted(Fig. 7b)
using three peaks with the above shape, which resulted in a
s2 of 1.16. The shaded area represents the contribution of
events emitted from the axial source, which deposited their
full energy in the detector. In order to determine the energy
spectrum of these events, similar projections were made
onto the C-axis by gating on the energy axis. To reduce
statistical errors, 32 channel wide gates (35 projections)
were used up to an energy of D640 keV. These projections
have been analyzed using three peaks (A, B, and C in Fig.
The area of the peaks shows strong correlation with7b).
FIG. 7.ÈAssignment of the correlated events in terms of mapping on
the [E, C] plane. (a) The projection of the conversion electrons used to
determine the spectrometer response function (a Gaussian with a small tail
on the right side). (b) Fit to the projection of 50È790 keV region with three
peaks similar to (a). (c) Three-component Ðt to the 300È450 keV projection.
electron energy ; however the actual shape of these depen-
dencies is di†erent for peak A, B, and C.
The energy spectrum of the events emitted from the
source was constructed using the areas for peak B. This
spectrum then was corrected for the detection efficiency of
the electron spectrometer and is shown in Accord-Figure 8.
ing to the dominant contribution to the spectrum isTable 1,
the conversion electrons. A small residue of the back-
scattered events from the conversion electrons cannot be
removed and is seen in as a tail just below the mainFigure 8
peak and terminates at around 750 keV. It is important to
note that the above procedure completely separates the
events caused by backscattering of conversion electrons
from the expected 54Mn b~ spectrum with an endpoint
energy of 697 keV.
Four continuous components are identiÐed in Figure 8.
One is the b~ intensity (to be evaluated), and the other three
are shake-o†, contaminant (60Co), and Compton events,
only the last of which cannot be evaluated in absolute terms
by scaling to measured quantities. To estimate the distribu-
tion of Compton-ejected electrons from the source material
itself and the backing foil, Monte Carlo simulations have
been carried out. The majority of such particles will point to
directions parallel to the source surface and will not be
recorded. By demanding take-o† angles similar to those of
the source electrons, events could be produced in the
D420È640 keV region with the distribution indicated in
Note that this component has been arbitrarilyFigure 8.
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FIG. 8.ÈEfficiency corrected spectrum of b~ events selected according
to C. The spectrum up to D640 keV is plotted in 32 channel bins to reduce
statistical Ñuctuations. The intensity of the contributions from the EC
shake-o† process and 60Co radioactive contamination was known (see
text). The intensity of the Compton-electron spectrum, whose shape was
obtained from computer simulation, was normalized to the observed
spectra in the 450È640 keV region. A 54Mn b~ spectrum with an intensity
of 3.9] 10~5 has been superimposed.
scaled to the edge at 640 keV but is insigniÐcant below 420
keV.
The spectrum of shake-o† electrons in the electron
capture decay of 54Mn was calculated using a shape
described by & Porter and the doublePrimako† (1953)
K-shell ionization probability of & SchuppNagy (1984).
The energy spectrum of the 60Co radioactive contamination
is given for an intensity of 4 ] 10~5 as determined from the
c-spectrum.
In comparing the measured spectrum and the contribu-
tion of di†erent radiations, there remains an excess of inten-
sity at energies below 200 keV. This may be caused by an
unidentiÐed pure b~ emitter that would not be seen in the
c-ray measurements, although alternative explanations,
such as multiple scattering within the source, which has
been neglected, could be signiÐcant. For these reasons only
the 300È450 keV energy region is certain to be clean of
contaminants and has therefore been used to set an upper
limit on the 54Mn b~ branching ratio.
3.7. Experimental Upper L imit on the 54Mn b~ Branching
Ratio
While the spectrum shown in the previous section could
provide a limit to branching, an alternative step was taken
to examine the events that made up that continuum in that
region and select those that satisfy more precise conditions.
This is illustrated in The Ðt to the projection ofFigure 7c.
300È450 keV energy included three Gaussians, similar to
the ones used in The area of the ““ acceptableFig. 7b.
region ÏÏ deÐned by the peak at C\ 0.2885 contains 1005
(^70) counts, compared to a total of 3.54 ] 104 conversion
electrons from 8.7 ] 1010 primary decays. The additional
peaks (the side lobes) contain a total of 1281 (^90) counts.
The upper limit of the contribution of the b~ rays in the
acceptable region is then 1065 counts. Using the expected
shape of the b~ spectrum, the 300È450 keV energy region
contains 32.4% of the total b~ decay intensity. Thus the
observed count rate would correspond to an upper limit of
less than 3.9] 10~5 for the intensity of the b~ decay. The
dashed curve in labeled as 54Mn b~, correspondsFigure 8,
to that intensity. Finally, the upper limit corresponds to a
limit on the partial half-life of the b~ decay of greater than
2.2] 104 yr.
4. COMPARISON WITH COSMIC-RAY OBSERVATIONS
The application of 54Mn as a chronometer for measuring
the mean escape time of iron-group cosmic rays requires the
knowledge of the isotopic composition of the source, the
e†ects of cosmic-ray transport, and the partial half-life of
54Mn b~ decay.
Manganese has three isotopes, of which 55Mn is stable,
and 53Mn and 54Mn decay under normal conditions by
electron capture. As a fully ionized cosmic ray, 53Mn would
be stable. From the isotope measurements of the cosmic
rays, obtained the relative abundance ratiosLeske (1993)
of the 53Mn, 54Mn, and 55Mn isotopes, which are 1 :
Vernois found 53Mn, 54Mn,\0.25 :1.28~0.25`0.32. Du (1996)and 55Mn in the ratios of 1 :0.28 (^0.07) :0.71 (^0.19). By
comparing these values with the source composition and
the yields expected from the spallation of primary 56Fe
nuclei, usually assumed to be similar to the solar values, one
can determine the amount of 54Fe created in the decay of
54Mn during propagation. Kish, & SchrierWebber, (1990)
found that the spallation yields of 53Mn, 54Mn, and 55Mn
from proton interactions with 56Fe are nearly equal. Leske
evaluated the e†ect of 54Mn/53Mn and 54Fe/56Fe(1993)
ratios for a range of assumed source abundances and the
54Mn half-life. It was shown that based on the isotopic
measurements alone one can set a lower limit of 50 for the
(54Mn b~) ratio. Using our lower limit for theqesc/T1@254Mn b~ half-life of yr, one obtains aT1@2 [ 2.2] 104lower limit of Myr for the cosmic-ray conÐnementqesc [ 1.1time.
In we compare our determination of withTable 2 qescthose found in other investigations involving di†erent
radioisotopes as cosmic-ray chronometers. In a recent
article, & Leske analyzed the availableWiedenbeck (1995)
results on the isotopic composition of iron-group Galactic
cosmic rays. The comparison of the source composition of
galactic matter derived from the cosmic-ray experiments
and predictions of the propagation model &(Wiedenbeck
Leske does not rule out the existence of a relatively1995)
short half-life for the 54Mn b~ decay.
One assumption commonly made in relation to the appli-
cation of 54Mn as cosmic-ray chronometer is that at high
energies it is fully ionized. According to et al.Letaw (1985),
at D300 MeV nucleon~1 energy (in equilibrium), 0.1% of
Z\ 25 ions have an electron attached in the K shell. The
cross section of the competing processes (striping and
attachment) depend on kinetic energy and the Z-value.
Although for most nuclei that can decay via electron
capture the mean free path for electron attachment is much
greater than their path length in the galaxies, the electron
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TABLE 2
COSMIC-RAY CONFINEMENT TIME
Isotope Half-Life (Myr) ConÐnement Time (Myr) Reference
10Be . . . . . . . 1.6 8.4~2.4`4.0 Wiedenbeck & Greiner 1980
15~4`7 Simpson & Garcia-Munoz 1988
27~9`19 Lukasiak et al. 1994a
26Al . . . . . . . 0.87 9.0~6.5`20.0 Wiedenbeck 1983
13.5~4.5`8.5 Lukasiak, McDonald, & Webber 1994b36Cl . . . . . . . 0.3 [1 Wiedenbeck 1985
54Mn . . . . . . [0.04 [2a Leske 1993
[0.295 [15a da Cruz et al. 1993
1È2 Du Vernois 1996
[0.022 [1a This work
a Assuming qesc [ 50Tb~.
capture e†ect at D100 MeV nucleon~1 could a†ect the
54Mn/53Mn and 55Fe/56Fe isotope ratios by us much as
10%È20% et al.(Grove 1991).
Owing to the electron backgrounds produced by
Compton-scattered gamma rays, further improvements in
direct searches for the b~ decay of 54Mn may be difficult to
achieve. However, instead of measuring betas, one could
attempt to count the 54Fe atoms produced as a result of
54Mn beta decay. In principle both accelerator mass spec-
trometry and neutron activation analysis have the neces-
sary sensitivity and could be employed to help determine
the cosmic-ray half-life of 54Mn.
We are grateful to Mark E. Wiedenbeck for his valuable
comments.
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